Abstract: Rain barrels can be technically shared through social practices or mutual agreement between individual households. This study proposes the evaluation system for a rain barrel sharing network (RBSN) considering three performance criteria of reliability, resiliency, and vulnerability, under plausible climate change scenarios. First, this study shows how the system can be improved in terms of the performance criteria using historical daily rainfall data based on the storage-reliability-yield relationship. This study then examined how the benefits from RBSN are affected by climate change after 100 years. Three climate change scenarios (A1B, A2 and B2) and three global circulation models were used for this purpose. The results showed that the reliability and vulnerability are improved due to sharing and their improvements become larger under climate change conditions. In contrast, the resiliency reduces slightly due to sharing and its reduction is attenuated under climate change conditions. In particular, vulnerability will be reduced significantly under climate change. These results suggest that the sharing of various water resources systems can be an effective climate change adaptation strategy that reduces vulnerability and increases the reliability of the system.
Introduction
A rainwater harvesting system (RWHS) is defined as the gathering and storage of water running off surfaces onto which rain has directly fallen [1] using cisterns, rain barrels, and other forms of collecting systems. The benefit of RWHS can be summarized as follows [2] . First, it covers the peaks in demand that are greater than the flow of the water source. Therefore, it helps smooth out the variations in water supply and sustainable water resources management. Second, RWHS provides water security in cases of supply interruptions or disasters. In addition, it provides harvested rainwater for household water use, a source of chemically untreated water, reducing peak flows in urban catchments, thermal storage, freeze protection, etc. A RWHS typically consists of natural landforms and artificial facilities that store rainwater in the hydrologic cycle [3] . Therefore, RWHSs have been facilitated for a range of purposes in many countries. For example, RWHSs were built for potable use [4] [5] [6] [7] , household irrigation, and other uses [3, 8, 9] , and for agricultural irrigation in both urban and agricultural areas [10, 11] . RWHSs are also used widely as a practical approach for sustainable water resources management, particularly in urban areas [12, 13] .
Previous research on RWHS has focused primarily on the optimal size of rainwater storage using a fundamental mass balance relation [14] to describe the behavior of a RWHS in terms of the yield after spillage (YAS) and the yield before spillage (YBS) rules. These rules were used to determine the size of a rainwater storage vessel [11, 15] . The concept of RWHS is similar to that of stormwater basins or reservoir systems, and various methodologies have been applied to estimate the size of the rainwater storage. An analytical equation for storm-water detention [16] , a common storage-reliability-yield (SRY) relationship concept [17] , or a dimensionless methodology [18] were also used to determine the optimal size of a rainwater storage. On the other hand, a regional assessment of the performance of a RWHS has been conducted continuously to understand how societal and climatic factors interact to affect the behavior of a RWHS [19] [20] [21] [22] .
The performance of RWHS under climate change conditions is being assessed in various ways. Lash et al. [23] developed a tool integrating various sizing approaches under climate change. Palla et al. [24] tested the performance of RWHS under various European climate zones and found that the antecedent dry weather period is the main hydrological parameter affecting the performance, whereas the rainfall depth, intensity, and duration showed a weak correlation. Lo et al. [25] reported that a residential RWHS with non-potable water use is affected more by climate change than a non-residential RWHS. Youn et al. [13] examined the required capacity of an RWHS for a specific deficit rate under climate change and found that the capacity is reduced under climate change conditions. Most studies of the performance of RWHS are limited to a single RWHS and its performance under climate change.
The impact of climate change on water resources depends on both the external dynamics and internal system characteristics [26] . The external dynamics refers to changes in the volume, the timing, and quality of streamflow and recharge. The internal system characteristics mean how the management of the system evolves, and what adaptations to climate change are implemented. Therefore, the system most vulnerable to climate change will be an uncontrolled system [27] . The adaptation is referred to as adjustments in ecological, social, or economic systems in response to actual or expected climatic stimuli and their impact [28] . Indeed, the impact assessment of climate change depends not only on the changes in external forces such as increased monthly variation of precipitation and extended dry seasons but also on the internal system characteristics, which can be improved using so-called adaptation strategies under climate change.
One of the characteristics of RWHS is the possibility of sharing with neighbors. In fact, the accessibility to a RWHS depends on the purpose of water use. For example, it is difficult to share the RWHS with neighbors for the purpose of toilet or laundry use. On the other hand, for irrigation purposes, it is rather easy to share the RWHS with an extra length of hose from the attached tap. If it is possible to recharge a neighbor's rain tank in the same way, then it can serve all the purposes of water use of a neighbor. The sharing can be promoted and encouraged by social practices and programs. In contrast to previous studies on the reliability of RWHS, this study focused on the possibility of sharing RWHS. Seo et al. [29] showed that sharing improves the reliability of the RWHS in a sample community composed of four prospective users' water tanks. The sharing network can have a range of forms depending on the number of users attending the sharing strategy. The results showed that the size of a RWHS can be reduced with a sharing network for a given reliability and the reduction of tank size is maximized if all four users share their tanks with others. Seo et al. [30] examined the impact of climate change on the benefit of sharing rain barrels and reported that the benefit of sharing can be even larger under climate change scenarios in terms of the reliability of the RWHS system.
The performance of a RWHS under climate change should be evaluated carefully from various points of view because it can be affected strongly by the individual characteristics of the demands that compose the rain barrel network [30, 31] . Seo et al. [31] also mentioned that the reliability is not sufficient to analyze the performance of the rain barrel sharing network (RBSN). Typically, a RBSN is considered a reservoir [17] and similar approaches of reliability have been adapted for performance analysis [32, 33] . In contrast, there are no reports on the analysis of RBSN under climate change with further performance criteria except for the reliability. Since Seo et al. [29] considered the possibility of sharing RWHSs, the basic idea of RBSN has been developed to examine the potential benefits by establishing sharing networks among the individual systems under climate change.
Therefore, this study evaluated a RBSN under climate change with the introduction of additional performance criteria, which quantify the reliability, resiliency, and vulnerability of a system. The behaviors of RBSNs under climate change scenarios were analyzed and compared with those of historical rainfall data. Three scenarios suggested by Intergovernmental Panel on Climate Change (IPCC) [34] and the precipitation projections of three global circulation models (GCMs) were utilized to examine the performances of four RBSNs. The water demand is assumed to be a random variable to include the uncertainty of individual water uses, as in previous studies [29, 30] .
Methods

Study Area
This study utilizes the regional climate change prediction for 113 mid-sized catchments (mean catchment area of 938 km 2 ) in South Korea suggested by the Ministry of Land, Transportation, and Maritime Affairs (MLTM) [35] . As a methodology for downscaling the results from GCMs, the MLTM [35] adopted a statistical downscaling approach based on a combination of the cyclostationary empirical orthogonal function (CSEOF) analysis and a weather generator (WXGEN) developed by Sharpley and Williams [36] . The CSEOF generates localized climate scenarios with a resolution of approximately 20 km from the coarse-scale GCM simulations, which have a resolution of approximately 100-350 km, and the WXGEN disaggregates monthly data to daily simulations.
To generate the daily weather variables using the spatially downscaled monthly climate simulations, WXGEN was calibrated and verified using long-term historical climate data [35] . The relative monthly changes in precipitation and temperature were then calculated using the downscaled monthly simulations for two future time slices (2020s and 2080s) relative to the reference period. The relative monthly change indicates the absolute difference for temperature and relative percentage difference for precipitation. The generated daily precipitation and temperature using WXGEN for the future period were then adjusted by the relative monthly changes [35] . Figure 1 shows the locations of four catchments selected for an assessment of the impact from climate change on the performance of the connected RWHSs in this study. Table 1 lists the catchment area and annual mean precipitations of the four test catchments. 
Climate Change Scenarios and GCMs
The climate change projections from three GCMs (CNRM1, CSIRO, and ECHO-G) and their three emission scenarios (B1, A1B, and A2) were obtained from the IPCC Data Distribution Centre (DDC) and used to obtain the regional future precipitation in South Korea [35, 37] . The storyline for each scenario is based on a specific socioeconomic development condition, population growth, and advances in technologies [34] , as shown in Table 2 ; the A1 scenarios incorporate very rapid economic growth, a global population that peaks mid-century and declines thereafter, and the rapid introduction of new and more efficient technologies.The B1 scenarios assume a convergent world with the same global population that peaks mid-century and declines thereafter, as in the A1 storyline, but with rapid changes in economic structures toward a service and information economy, with decreases in material intensity, and the introduction of clean and resource-efficient technologies. In contrast, A2 scenarios assume a very heterogeneous world: self-reliance and preservation of local identities, continuously increasing global population, economic development that is primarily regionally oriented, and a more fragmented and slower per capita economic growth and technological change than other storylines. According to the total cumulative carbon dioxide emissions (GtC), the B2 scenario covers from low to medium-low (<1450 Gtc), whereas the A1B and A2 scenarios cover from medium-low to high (>1450 Gtc). Table 2 . Description of climate change scenarios [34] .
Storyline Description
A1
Very rapid economic growth, global population that peaks mid-century and declines thereafter, and the rapid introduction of new and more efficient technologies (three groups: A1FI, A1T, A1B).
A2
A very heterogeneous world: self-reliance and preservation of local identities, continuously increasing global population, economic development primarily regionally oriented and more fragmented and slower per capita economic growth and technological change compared to other storylines.
B1
A convergent world with the same global population that peaks midcentury and declines thereafter, as in the A1 storyline, but with rapid changes in economic structures toward a service and information economy, with reductions in material intensity, and the introduction of clean and resource-efficient technologies. The emphasis is on global solutions to economic, social, and environmental sustainability, including improved equity, but without additional climate initiatives.
This study used daily rainfall for the historical simulation and also for the future (climate change) simulation (2070-2099) using the A1B, A2, and B1 scenarios. The monthly precipitation changes (mm) of the three scenarios of CNRM for the test catchment 1001 during the period from 2070 to 2099 are compared as shown in Figure 2 . The A2 scenario shows the maximum annual precipitation show a 25.78 mm increase and the greatest variation in monthly precipitation changes whereas the B1 scenario shows a minimum annual increase of 18.74 mm as well as the lowest monthly variation. All three scenarios showed a decrease in precipitation in the dry season from March to June but an increase in the wet season from July to September. 
Rain Barrels Sharing Network
Rain barrels with various forms can be shared easily with neighbors depending on their water use patterns and storage capacities. They can be large storage volumes shared by a community or individually owned vessels networked through social programs that encourage the sharing of private rain barrels. This study introduces four prospective users to consider the benefit of connecting users and forming a shared network. Table 3 lists all possible network configurations for four users. Every user was assumed to have equal accessibility to all rain barrels within the network. In this study, the connections a1, b1, and c1 are considered as representative cases for three connection types (Nc = 1, 2 and 3). Table 3 . Possible and selected rain barrel sharing networks in this study.
No. of Connections (N c )
Possible Sharing Networks of Individual Rain Barrels
Storage-Reliability-Yield (SYR) Relationship
Given the water demands for all users of a shared network, the RWHS required size for a given reliability can be obtained using the SRY curve method [17] . The rain water storage per unit area is given as a function of the demand, reliability, and precipitation as follows:
where is the total storage volume of rain barrels in the system, X is the water demand, R is the reliability, and P is the precipitation for a given time period. An example of the SRY curves is shown in Figure 3 , where the reliability increases with increasing storage for a given yield ratio (α). The yield ratio is defined as a normalized yield (water demand) divided by the mean daily rainfall (μp) of each station per unit collecting (roof) area: Figure 3 . Storage-reliability-yield relation curves based on historical rainfall data This study assumes the water demand (yield ratio, α) as a random variable with a probability distribution. The daily water demand comprises several water uses such as small daily consumption and large intermittent consumption [9] . Therefore, this study assumed that the daily water demand follows a log-normal distribution to consider its uncertainty because water demand varies with the purpose, timing, and level of use. The storages (depth) are normalized per unit area. Assuming that every user has a unit area of rainfall catchment, the new set of demands should be normalized with the contributing area before estimating the required storage for the target reliability. Therefore, the total storage of four users can be expressed as follows [29] :
where Srtotal is the total storage, Sri is the required storage for user i, and Ci is a new combination of demands created by the shared network between users of which the weight is ai, which is the contributing area obtained by a summation of the distributing ratio.
Characteristics in Demand
Individual water uses can be strongly correlated with each other because they are influenced by the local meteorology and environment. In addition, the socioeconomic living standards of the water users can be similar locally. Therefore, this study introduces a correlation in the water demand. For simplicity, the same constant correlation was assumed for all users. Let X be a multivariate lognormal random vector with a mean μ' and covariance matrix Σ'.
where
with the following mean and variance:
Any covariance matrix is symmetric and real-valued, which can be decomposed as follows:
where C is a lower triangular matrix called the Cholesky factor of Σ, and C T is a transposed matrix of C. One obtains the correlated random variables by multiplying the vector of the uncorrelated random variables by the Cholesky factor:
where X u are uncorrelated random variables with a size of n × m (m observations of length n) and X (n × m) is the correlated random variables according to Σ (m × m).
In addition to the correlation in demand, this study also incorporated different means and variances. In a previous study, Seo et al. [29] considered homogeneous users with the same means and variances and heterogeneous users with different means and variances. In contrast, this study introduced only heterogeneous users with more different means and variances to simplify the uncertain water demand. Table 4 lists the test cases with different means and variances as well as the correlation in demand considered in this study. 
Performance Criteria of Reliability, Resiliency, and Vulnerability
For a given α, the reliability can be obtained from the number of failure days for a given period [17] :
where R is reliability and n and nf are the total number of days, and the number of failure days. The resiliency is defined as the inverse of the mean days of consecutive failure time periods [38] :
where γ is the resiliency, R is the reliability, and rf is the ratio of the total number of days when the condition moves from success to failure state divided by the total number of days. The vulnerability is defined as an indicator of the severity of failure as follows [38] :
where ν is the vulnerability, F is a set of failure states, ej is the probability of sj, and sj is denoted as an numerical indicator of the severity of the failure state. This study assumes that the numerical indicator of severity is equivalent to the deficit amount of demand. Therefore, the vulnerability is defined as a mean deficit amount of demand.
Results and Discussion
Performance of a RBSN under the Historical Rainfall Data
The reliability, resiliency, and vulnerability of RBSNs for four different test catchments were calculated using the historical rainfall data from 1970 to 1999 as shown in Figures 4-6 , respectively.
Basically, Figure 4 is identical to Figure 3 , which shows the SYR relations. The reliability increases with increasing storage size. In addition, the larger the storage container, the greater the effectiveness of the RBSNs. Figure 4 basically shows that the reliability of an RBSN increases with an increase in the number of connections (Nc) for a given storage size. This result is similar to those reported by Seo et al. [29, 31] in that the sharing network improves the system reliability, and is particularly higher with different demands. Furthermore, this result also shows that an improvement in the sharing network is not expected for lower reliabilities less than 55% overall. In contrast to reliability, the resiliency decreases with an increasing number of connections (Nc), which implies that a connected system has difficulties in recovering from a failure state. More days are needed to recover from failure when the rain barrels are connected. As shown in Figure 5 , the resiliency reaches its maximum at the storage interval, 1-10 cm, and does not increase monotonously with increasing storage size. The resiliency (Equation (11)) is defined as the inverse of the mean duration of continuous failure, which can be obtained by the total number of failure days divided by the number of transitions from a success to a failure state. The number of failures decreases with increasing storage size until it reaches a threshold, which is much larger than zero. On the other hand, the number of transitions from a success to a failure state decreases sharply to the order of zero and peaks around the storage near 2 cm of storage depth. As the storage increases, the resiliency reaches its maximum in the vicinity of the peak number of the transition and continues to decrease because the number of failure days is still large. These are shown in the simulation results for the test catchments 1001, 1018, and 2022, whereas 5001 does not show the maximum resiliency clearly. The resiliency of 5001 presents the maximum at the maximum of its storage. Recently, a new concept of resilience was defined as the degree to which the system minimizes level of service failure magnitude and duration over its design life when subject to exceptional conditions [39] . The new concept comprises both traditional resiliency (failure duration) and vulnerability (failure magnitude) defined by Hashimoto et al. [38] . Therefore, if a different definition of resilience (e.g., [39] ) had been used, the results might show that resilience does not decrease whilst reliability and vulnerability increased, but this was left for future studies. The behavior of vulnerability is quite different from those of the reliability and resiliency. First, the vulnerability does not show large changes as the storage size increases. That is, the deficit in demand and the number of failure days are independent of the storage. The vulnerability focuses on how bad things may become instead of on how long the failure persists, which is described by the resiliency. Therefore, the behavior of the vulnerability is naturally different from that of the resiliency. On the other hand, vulnerability decreases as the number of connection (Nc) increases. This means that the RBSN lowers vulnerability. Table 5 lists the percentage changes in the performance criteria of the test catchment 1001. The results from the simulation using the historical data revealed that sharing rain barrels has benefits for both reliability (7.3% increase for a storage size of 20 cm/m 2 ) and vulnerability (40.0% decrease for a storage size of 10 cm/m 2 ) of the system but not for resiliency (25.0% decrease for a storage size of 20 cm/m 2 ). RBSN shows the largest positive effectiveness on the vulnerability and the smallest effect on the reliability, whereas the resiliency is reduced by RBSN. Therefore, resiliency should be included when the RBSNs are planned and designed. 
Performance of a Sharing Rain Barrel Network under Climate Change
The reliability, resiliency, and vulnerability of RBSNs for four different test catchments were calculated using the climate change scenarios of three GCMs from 2070 to 2099. Figures 7-9 show the results for the A1B scenario of CNRM1, respectively.
Both reliabilities under the historical and climate change scenarios show similar behaviors. The reliability increases with increasing number of connections (Nc). This is consistent with previous results, as shown in Figure 4 . On the other hand, the effect on the reliability under climate change is larger. This means that the storage size for the same target reliability can be reduced under climate change conditions by introducing a sharing strategy. In this regard, the logarithmic scale in the x axis (storage) in Figure 7 implies a large increase in the required storage for target reliability. The resiliency increases for three test catchments 1001, 2022, and 5001, but not 1018, as shown in Figure 8 . The behavior of the resiliency depending on the number of connection (Nc) is similar to the results from a historical rainfall simulation ( Figure 5 ). That is, the resiliency decreases with an increase in the number of connections (Nc). It can be inferred that a system behaves slowly and becomes less sensitive to external forces (rainfall) as it gets heavier (increasing Nc). The differences in resiliency between the numbers of connections (Nc) decreases under climate change overall. On the other hand, the extent of the reduced resiliency for all test catchments decreases, compared to the historical data simulation ( Figure 5 ). Figure 9 shows the changes in resiliency in terms of (1-R) and rf, which are the components of the resiliency (Equation (11)). As mentioned earlier, the resiliency has its maximum for storage containers from 10 0 to 10 1 , which is caused mainly by the increasing rf in the corresponding region of the storage containers despite the continuous decreasing (1-R). In addition, the behavior of rf is similar to (1-R) under climate change scenarios, as shown in Figure 9 . On the other hand, the reliability increases sharply up to 1 as the storage increases, which is faster than the historical simulation. As a result, the consequent resiliency does not show a peak, which was observed in the historical simulation but not in simulation with climate change scenarios. Comparing Figures 6 and 10 , the vulnerability itself under climate change is significantly increased. That is, the RBSNs under climate change have experienced more severe failures due to the increased precipitation, compared to the historical climate condition [13] . In other words, the benefit or improvement through the sharing of rain barrels becomes much larger in terms of vulnerability. Therefore, the vulnerability due to climate change can be lowered considerably by the RBSN strategy. (Table 5) , RBSN shows the largest positive effectiveness on the vulnerability and the small effect on the reliability, whereas the resiliency is reduced by RBSN. Therefore, the resiliency should be included when the RBSNs are planned and designed. The reliability increases to 10.5% and the vulnerability decreases to 46.4% when the number of connections (Nc) is three. In contrast, the resiliency still decreases by 7.7% with the sharing strategy. This result shows that the improvements in the reliability and vulnerability are more prominent under climate change conditions. Moreover, the resiliency, which is negatively affected by sharing, becomes less affected under climate change. The percentage changes of three performance criteria for the test catchment 1001 were calculated for three climate change scenarios of three GCMs with and without the correlation in the water demands as shown in Table 7 . The correlation in the water demands deteriorates the improvement by introducing the RBSN for the A1B scenario regardless of the selection of GCM. In contrast, the correlation does not greatly affect the reliability under A2 and B1 scenarios. The resiliency decreases more under A2 and B1 scenarios compared to its performance under A1B. The vulnerability under different scenarios and GCMs shows little differences and is commonly expected to undergo an approximately 40% reduction through the introduction of a RBSN. The benefits from the sharing network in terms of the three performance criteria under historical and climate change conditions (A1B, CNRM1) were compared for a specific storage size of 20 cm/m 
Conclusions
This study proposed three performance criteria in a sample community with four prospective users under historical and plausible climate change conditions. This study showed that the reliability, resiliency, and vulnerability should be evaluated to consider the various impacts of RBSNs. As a result, the benefits from RBSNs in terms of the reliability and vulnerability are strengthened but the negative impacts occur in resiliency under both historical and climate change scenarios. Historical simulation results showed that reliability and vulnerability were improved by up to 7.3% and 36.7%, respectively, whereas climate change scenarios showed that both were improved up to 10.5% and 46.4%, respectively. Historical and climate change simulation (A1B) showed that the resiliency was reduced by up to 25% and 7.7%, respectively. That is, the resiliency should be included when the RBSNs are planned and designed. This also shows that improvements for reliability and vulnerability are more prominent under climate change conditions and the resiliency, which is adversely affected by sharing, becomes less affected under climate change. Furthermore, the heterogeneous users with more different means and variances reduce the improvement due to the introduction of RBSNs for the A1B scenario of all GCMs considered.
The climate change impacts depend on the changes in the external influences, such as increased monthly variations of precipitation and extended dry seasons, as well as the adaptive capacity of the system, which can be improved by adaptation or mitigation strategies for climate change. This study suggests that RBSNs can be a potential adaptation strategy that strengthens the vulnerability and the reliability of the water resources system and reduces the extent of reduced resiliency for the future climate change scenarios. The benefit of RBSNs envisions a new societal strategy for countries where RWHSs are chosen in order to address a number of social, economic, and environmental problems, which might worsen in the future.
